Abstract: This study describes the design of a multiphase sinusoidal oscillator (MSO) based on log-domain filtering concept. The circuit is a direct realisation of a first-order differential equation for obtaining the inverting and non-inverting low-pass filters. Each low-pass filter comprises only a grounded capacitor and four transistors. The proposed MSO can be instantaneously controlled over a very wide frequency range by controlling the current for the oscillation frequency and oscillation condition which indicates the proposed MSO's suitability in high-frequency applications. A validated bipolar junction transistor (BJT) model is used in SPICE simulation operated from a single power supply as low as 2.5 V. The oscillation frequency is controlled over four decades of frequency. The total harmonic distortions for three phase (11.5 MHz) and four phase (7 MHz) are, respectively, obtained around 2.4 and 2.2% which enables them to be fully integrated in telecommunication systems. The power consumption is around 5.5 mW for 100 mA bias current. Moreover, experimental results of three-phase MSO are included.
Introduction
Log-domain circuits are useful building blocks for realising high-performance current-mode analogue signal processing systems. In 1979, Adams introduced a novel class of continuous-time filters called log-domain filters [1] which presented that an overall linear transfer function could be implemented with a highly non-linear circuit. The circuit is originated from the companding (compress and expand) concept of log-domain circuits. The compression and expansion of the corresponding signals are based on the logarithmic/exponential voltage-current relationship of a bipolar transistor. In 1993 and 1996, Frey [2, 3] introduced a general method for synthesising log-domain filters of arbitrary order using a state-space approach. He also presented a highly modular technique for implementing such filters from a simple building block comprising a bipolar current mirror whose emitters are driven by complementary emitter followers. Log-domain filter operation is based on instantaneous companding [4] [5] [6] [7] and these previous circuits are of theoretical and technological interest because they potentially offer high-frequency operation, tunability and extended dynamic range under low power supply voltages [8] [9] [10] [11] [12] .
Multiphase sinusoidal oscillator (MSO) is appropriate to use in many applications. For example, in telecommunications MSO is used for phase modulators, quadrature mixers [13] and single-sideband generators [14] . For measurement purposes, MSO is used for vector generators or selective voltmeters [15] . Moreover, MSO constitute an important unit in power electronics systems [16] . Current conveyors with grounded capacitors [17, 18] are used for MSO realisation. Operational transconductance amplifier (OTA) and grounded capacitors are also introduced to be used in the MSO and a thirdorder oscillator [19] . OPAMP with RC components [20] and current-differencing transconductance amplifiers (CDTA) with grounded capacitors [21] are introduced to be used in MSO based on the low-pass sections. Other devices and current amplifiers are implemented for MSO with electronic tunability [22] . Some quadrature oscillators are also reported based on current feedback amplifier (CFA) [23] and CDTA [24] with external resistors. The theory of an OTA-C oscillator with native amplitude limiting was introduced without discussion in highfrequency operation [25] . A single CFA oscillator was reported to synthesise various functions including oscillation, but many passive components are required without the electronic tuning feature [26] .
The previous MSO are not suitable for high-frequency operations. High-frequency MSO using translinear BiCMOS with an electronic tuning feature [27] suffers from using a complicated structure and many transistors. Log-domain-based MSO is also proposed [28] including the following potential capabilities: low-voltage, highfrequency and electronic tuning. The circuit uses the synthesis method of exponential and log cells; hence, it suffers from a complicated structure that contains 6 bias currents and 11 transistors per phase. This paper presents a new MSO realisation based on a logdomain low-pass filter with the following features:
1. The circuit uses grounded capacitors which are suitable for integration [29] .
2. The electronic tunablity of the oscillation frequency and oscillation condition is provided.
3. High-frequency range of oscillation based on log-domain concept with low-power supply features.
4. The circuit is realised by five transistors, five bias currents and a grounded capacitor per phase.
5. High-output impedance, which is able to interconnect with current-mode succeeding circuits.
Theory and principle

Oscillator's principle
The loop gain (LG) of sinusoidal oscillators is principally set to unity. The principle of the operation is shown by the positive feedback block diagram in Fig. 1 . This diagram consists of an amplifier (k), a network [H(s)] and a summing junction. The transfer function of the positive feedback is equal to
Equation (1) shows the operating principle of the oscillator based on Barkhausen's criteria. The system can generate output (V O ) without input (V in ¼ 0). The oscillator can be realised by setting kH(s) ¼ LG ¼ 1 or assigning the denominator (1 2 LG) ¼ 0.
Principle of n-cascaded LPN-based oscillator
The generalised structure of an n-phase sinusoidal oscillator is shown in Fig. 2 . It consists of n-cascaded first-order inverting low-pass transfer function, which is called a lowpass network (LPN). The current output (I oi ) of the last (nth) stage is fed back to the input of the first stage. Each stage is determined by the transfer function
where k is the low-frequency stage gain and t is the system time constant which are determined for the pole frequency. From Fig. 2 , the Barkhausen's condition can be written as
Considering (3), the total phase of the system is equal to 3608 at the oscillation frequency. Assuming that each stage has input and output phases (2f), the total phase of n-stages (2nf) for one cycle can be expressed as
Equation (5) provides the oscillation frequency (v 0 ) giving n . 2 then substituting (5) into (3). Hence, the oscillation condition becomes
Additionally Fig. 3 shows the odd-/even-order MSO. The several blocks are identically positive, but the last (nth) block is negative where n is an odd/even number of integers. From Fig. 3 the Barkhausen's condition can be written as www.ietdl.org Considering (7) with similar analysis to the theory of oddcascaded LPN in (3) the oscillation frequency and the oscillation condition of odd/even can also be obtained from (5) and (6), respectively. The odd and odd/even cascaded MSO (n ¼ 1, 2, 3, 4, . . .) results are shown in Table 1 . Fig. 4 shows a log-domain filtering based on translinear cell which is called log-domain first-order low-pass filter type-1. Assuming that the transistors have an ideal exponential characteristic and applying the translinear principle [30] to Q 1 -Q 4 gives I C1 I C2 = I C3 I C4 (8) or
Log-domain first-order low-pass filter based on translinear BJT
The collector current of Q 3 can be expressed as
The derivative of voltage across the capacitor C 1 iṡ
The derivative of output current based on the collector current of BJT yieldṡ
Substitute (10) - (12) into (9) and rewriting gives
Suppose the currents I 2 ¼ kI 3 ¼ kI; then (13) becomes
Taking the Laplace transform on both sides of (14) and rearranging the transfer function of the circuit in Fig. 4 is
From (15), it can be seen that the first-order low-pass filter is evidently satisfied. Pole frequency is controlled by the bias current (I ). Stage gain (k) can be adjusted by the ratio of currents I 2 and I 3 .
Alternatively, take log-domain first-order low-pass filter type-2 from Fig. 5 into account by assigning I C1 ¼ I 1 and I C2 ¼ I in . Using the similar analysis with low-pass filter type-1 based on (8)- (12) , the currents' relationship can be written as
Suppose that the currents I 1 ¼ kI 3 ¼ kI; and the s-domain transfer function is
From (17) it can be seen that the first-order low-pass filter is also evidently satisfied. The pole frequency is controlled by bias current (I ). Stage gain (k) can be adjusted by the ratio of currents I 1 and I 3 .
The completed dual outputs log-domain first-order inverting low-pass filter can be realised by adding three Figure 5 Log-domain first-order low-pass filter type-2 The current output of log-domain first-order inverting lowpass filter in Fig. 6 can be expressed as
From (18) it can be seen that the low-pass functions with dccomponent are obtained. Considering the last term, it provides the constant dc-component (kI) which is not a function of the input frequency (I in ). In this case, the dccomponent can be neglected by assigning k a ¼ k; hence, (18) becomes
Likewise Fig. 7 depicts the realisation of non-inverting lowpass filters based on the same structure as Fig. 6 , but the input is assigned at different terminals (base of Q 1 ). Similarly, the dc-component can be neglected by assigning k b ¼ k. The current output of log-domain first-order non-inverting lowpass filter can be expressed as
3 Log-domain current-mode MSO A three-phase sinusoidal oscillator based on the structure in Fig. 2 is implemented to confirm the theory (odd) as shown in Fig. 8a . For a three-phase structure using (6) its stage gain (k 1 ¼ 2) is defined to obtain the oscillation condition. For k 1 ¼ 2 the bias currents are assigned based on (19) by the following conditions:
Each inverting stage (LP 1 -LP 3 ) provides high output impedance that drives to the succeeding stage. The inverting first-order low-pass filter section is given by
The result in three cascaded of low-pass filter sections yields Figure 6 Log-domain inverting low-pass section Figure 7 Log-domain non-inverting low-pass section 
Furthermore, a four-phase sinusoidal oscillator based on Fig. 3 is implemented to confirm the theory (odd/even) as shown in Fig. 8b . For a four-phase structure using (6) its stage gain k 2 = 2 √ is defined to obtain the oscillation condition. For k 2 = 2 √ the bias currents are assigned based on (20) by the following condition I 2 = 2 √ I 3 = 2 √ I . The result in four cascaded low-pass filter yields
From (5), the oscillation frequency gives
4 Non-ideality studies
Log-domain filters suffer directly from transistor nonidealities. The study of non-ideal log-domain filters is complicated by the non-linear logarithmic -exponential operations inherent in the circuit which results in transcendental equations. A log-domain filter is chosen for an example because of its simplicity and sufficiency to reveal the underlying principles. Log-domain filter provides a linear domain (s-domain) in a whole system. This section shows the effects of transistor parasitic in Fig. 9 based on a small-signal model such as base -emitter resistance (r p ) and base -emitter capacitance (C p ). Assuming that the collector -emitter parasitic capacitance (c ce ) is very small and collector-emitter parasitic resistance (r ce ) is high impedance. The area mismatch and early voltage (V A ) affect only a change of dc gain without affecting the time constant of the low-pass filter. The gain error can be easily compensated by adjusting one of the bias currents.
Parasitic resistance (r p and b)
Parasitic base -emitter resistance (r p ) is a major limitation of translinear circuit accuracy in high frequency. From a smallsignal model of bipolar transistor and parasitic capacitances are neglected. The transfer function with base emitter resistance effects can be rewritten as (see (26)) For the non-ideal parasitic resistances, the pole frequency can be expressed as (see (27)) where transistor current gain b i = g mi r pi . Considering transistor current gain the pole frequency of a low-pass filter can be written in terms of b effective as
It can be seen that the parasitic resistances and b provide the small deviation of the pole frequency as
Parasitic capacitance (C p )
Similarly parasitic base-emitter capacitance (C p ) is also a major limitation of translinear circuit accuracy in high frequency. From a small-signal model of bipolar transistor the parasitic resistances and higher frequency orders are neglected. The transfer function with base-emitter capacitance effects can be rewritten as (see (29)) v Pn2 ≃ g m1 g m2 g m3 g m1 g m2 C p3 + g m1 g m2 C p4 + g m1 g m2 C 1 + g m1 g m3 C p2 (30) It can be seen that the parasitic resistances and C pi provide a small deviation of the pole frequency. This qualitative analysis has shown transistor non-idealities including parasitic resistances and parasitic capacitances Figure 9 Simple small signal of BJT transistor
( g m3 r p2 r p3 + g m3 r p1 r p3 + g m2 r p1 r p2 + g m2 g m3 r p1 r p2 r p3 ) g m1 r p1 ( g m2 r p2 r p3 + g m3 r p3 r p4 + g m2 g m3 r p2 r p3 r p4 + g m2 r p2 r p4 ) + sr p1 r p4 C 1 ( g m1 r p3 + g m1 g m2 r p2 r p3 + g m2 r p2 ) (26) v Pn1 ≃ ( g m1 g m2 r p2 r p3 + g m1 g m3 r p3 r p4 + g m1 g m2 g m3 r p2 r p3 r p4 + g m1 g m2 r p2 r p4 ) C 1 ( g m1 r p3 r p4 + g m1 g m2 r p2 r p3 r p4 + g m2 r p2 r p4 ) (27) which are sources of error within log-domain circuits. Finite beta and series resistance have generally been identified as the most problematic error sources at lower frequencies [31] . For the operation at high frequencies, the circuits have to implement high-frequency poles and zeros whose form is v P = I /CV T . The selected method is to keep the bias currents at a lower level and reduce the integrating capacitance. As discussed above, C should be sufficiently larger than 3C pi to prevent significant distortion occurring. For example, if 5 × 3C pi is required, then the maximum pole frequency is achieved
Simulation and experimental results
Three-and four-phase MSO are designed to verify the operation of the MSO topology in Fig. 8 . The power supply voltages (V CC ) and the bias current (I ) are assigned to 2.5 V and 100 mA, respectively. As discussed above, all capacitors should be much larger than 3C pi to prevent significant distortion; then C ¼ 80 pF are selected. According to Section 3, the low-frequency stage gain of each low-pass filter is equal to 2 for an odd structure and 2 √ for an odd/even structure. The BJT transistor model in simulations is the high-frequency transistor arrays. The validated HFA3046 model is provided by Intersil and listed in Table 2. For odd structure n ¼ 3, the oscillation output results are obtained by the following condition: I ¼ 100 mA and k 1 I ¼ 192.34 mA. The three-phase current sinusoidal signal outputs are illustrated in Fig. 10 . The simulated oscillation frequency is 11.5 MHz, whereas the theoretically predicted value is 13.25 MHz. Equal amplitude outputs that are equally spaced in phase difference (1208) are obtained.
For odd/even structure n ¼ 4, the oscillation output results are obtained by the following condition I ¼ 100 mA, k 2 I ¼ 146 mA for non-inverting and inverting low-pass Figure 10 Simulated results of 11.5 MHz three-phase current-mode oscillator based on Fig. 9a with C ¼ 80 pF and I ¼ 100 mA Figure 11 Simulated results of 7 MHz four-phase currentmode oscillator based on Fig. 9b with C ¼ 80 pF and I ¼ 100 mA Table 2 Parameter of HFA3046 model provided by Intersil used for SPICE simulation www.ietdl.org filters. The four-phase current sinusoidal signal outputs are illustrated in Fig. 11 . The simulated oscillation frequency is 7 MHz, whereas the theoretically predicted value is 7.65 MHz. It can be seen that 458 phase difference of outputs is obtained.
The frequency spectrum of sinusoidal signal output of Fig. 10 is shown in Fig. 12 . The second harmonic frequency component is around 1.3845 mA, whereas the fundamental amplitude is around 57.66 mA; hence, THD is around 2.4%. The frequency spectrum of the sinusoidal signal output of Fig. 11 is shown in Fig. 13 . The second harmonic frequency component is around 791.68 nA, whereas the fundamental amplitude is around 35.54 mA; hence, THD is around 2.2%.
The frequency output against varying the bias currents of both oscillators are plotted in Fig. 14 . It can be seen that frequency can be wide range tuned between 1 kHz and 100 MHz based on the bias current (I ). Additionally, the sample experimental result of three-phase MSO is also presented by using transistor array CA3046 and capacitors 10 nF with 2.5 V power supply. Several bias currents are provided by using AD844 which are shown in Fig. 15 . For practical implementation, the output of each phase is provided as an open collector. The outputs can be obtained by connecting the external resistors. In this case, sinusoidal voltage signals with dc-components are obtained for several outputs. However, the dc-components can be simply removed by coupling capacitors. In the experiment, three current outputs are connected to the resistors 10 kV with its V CC . The oscillation frequency of three-phase outputs around 97 kHz is obtained and shown in Fig. 16 with bias current sources 100 mA, whereas the theoretically predicted value is 106 kHz. The frequency spectrum of signal in Fig. 16 is illustrated in Fig. 17 . The experimental results can confirm the theoretical and simulation results. 
Conclusion
A novel current-mode MSO based on a log-domain low-pass filter section structure is presented. The low-pass filter section uses only five transistors and a grounded capacitor. Inverting and non-inverting low-pass filters can be obtained based on the same configuration by assigning input to different terminals. The first MSO consists of three-cascaded inverting low-pass sections. Three-phase output currents are equally spaced in-phase with 2.4% THD at 11.5 MHz. In addition, another MSO consists of four-cascaded of three non-inverting and one inverting low-pass sections. It produces a four-phase of MSO with 2.2% THD at 7 MHz. The oscillation frequency can be tuned over four decades with high output impedance and low-power supply features. 
